Abstract: Can the structures of small to medium-sized proteins be conserved after transfer from the solution phase to the gas phase?Alarge number of studies have been devoted to this topic, however the answer has not been unambiguously determined to date.Aclarification of this problem is important since it would allowv ery sensitive native mass spectrometry techniques to be used to address problems relevant to structural biology.Acombination of ion-mobility mass spectrometry with infrared spectroscopyw as used to investigate the secondary and tertiary structure of proteins carefully transferred from solution to the gas phase.T he two proteins investigated are myoglobin and b-lactoglobulin, whicha re prototypical examples of helical and b-sheet proteins,r espectively.T he results show that for low charge states under gentle conditions, aspects of the native secondary and tertiary structure can be conserved.
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Owing to its accuracy, sensitivity,a nd speed, mass spectrometry (MS) coupled to fragmentation techniques is the method of choice for determining the primary structure of peptides and proteins. [1] To obtain information on higherorder structures,condensed-phase spectroscopic or scattering techniques are usually employed. Often they have limited sensitivity and therefore require high sample densities but they can provide aw ealth of information under close to physiological conditions.A ni mportant question is whether native solution structures can be maintained when the molecule is transported into the solvent-free environment, and if so over what protein size range.I ft his transfer can be done with the native structure remaining intact, highly sensitive mass spectrometry techniques can be employed to interrogate these structures.F or very large species,s uch as protein complexes [2] or even an entire virus, [3] there is unambiguous evidence that native structures can be retained in the absence of solvent. Fors maller species,h owever, the situation is not so clear, and this is the region we wish to examine.
To investigate higher-order structures of peptides and proteins in isolation, mass spectrometry can be coupled to hydrogen/deuterium exchange (HDX) measurements, [4] nonthermal dissociation techniques that rely on the absorption of UV photons or the capture of electrons, [5] ion mobility spectrometry (IMS), [6] or optical/IR spectroscopy. [7] Of these, IMS and IR spectroscopy provide the most direct information on higher-order structure.I nI MS,t he angle-averaged collision cross-section is determined with high accuracy.T ogether with modeling,this measurement can give information about the size and shape of the molecule,a nd IMS has been used extensively to investigate various proteins and protein aggregates.O ne common observation is that when the charge increases,t he molecules undergo Coulomb-induced unfolding to adopt extended helical structures [8] and ultimately string-like extended structures at very high charge states. [9] At low charge states,h owever, the proteins usually remain compact, with sizes that are expected for condensedphase native structures.
[8] However,I MS is not directly sensitive to protein secondary structure,a nd observing ac ompact structure does not guarantee that the secondary structure accurately reflects that of the native form. IR spectroscopy,o nt he other hand, is sensitive to secondary structure.For proteins,the local environment of characteristic oscillators such as the C = Os tretch (amide-I) or N À Hb end (amide-II) modes influence band positions,and consequently IR spectroscopy has become aroutine technique for probing secondary structure in the condensed phase. [10] IR multiple-photon dissociation (IRMPD) spectroscopy [11] has been applied to alarge number of small peptides or peptide complexes [7b,c] in the gas phase.When combined with quantum chemical calculations,d etailed structural information can be obtained. Forvery small systems containing only af ew amino acids,g as-phase structures that are distinctively different from those in the condensed phase are usually observed. However, when large barriers such as in ap roline cis-trans isomerization are involved, condensed-phase structural motifs can be retained. [12] In any case,t hese gas-phase "cleanroom" structures are still very useful because they can be used to calibrate theory and to test our general under-standing of intrinsic intramolecular interactions in biological molecules.
There are only afew IR studies on isolated proteins in the absence of solvent.
[9a, 13] In mid-IR spectra of larger species, individual oscillators cannot be spectrally resolved and, as for proteins in the condensed phase,a mide-I and amide-II envelopes are observed.
[9a, 13b-d] Theb and positions in these studies suggest predominantly helical structures.However,in these early studies,the conditions employed and the relatively high charge states investigated [9a, 13b-d] were not favorable for retaining native solution structures.
In this work, we used an approach in which IMS is used to select the global shape of proteins,f ollowed by IR spectroscopy to probe their secondary structure (see the Supporting Information for details). Experiments were performed on the proteins myoglobin and b-lactoglobulin. Myoglobin is a1 53 amino acid protein with an ative secondary structure that is mostly (ca. 85 %) a-helical, while b-lactoglobulin is a1 62 residue protein that has asignificant (ca. 60 %) proportion of b-sheet secondary structure.T he condensed-phase structures of both proteins are shown in Figure 1 . Figure 2a ,b shows electrospray ionization (ESI) mass spectra of myoglobin and b-lactoglobulin sprayed from solvents of different compositions.T he lower spectra in green are obtained with spraying from aqueous solutions with ammonium acetate buffer at aconcentration of 10 mmol L À1 . Under these conditions,n arrow charge distributions with maxima at 8 + are observed. For b-lactoglobulin, additional mass peaks resulting from adducts of palmitic acid are found and are marked in Figure 2b as 9 + ',8+ ' and 7 + '.Changing the solvent to water/methanol (1:1) resulted in the mass spectra shown in blue.T he charge-state distributions are broader and shifted to higher charge states.For myoglobin, all labeled mass peaks in the two spectra correspond to the heme-containing holo form. Themass spectra shown here are similar to those reported by others. [14] Theresulting collision cross-sections as afunction of mass/ charge as measured by IMS are shown in Figure 2c ,d.T he uncertainties in the cross sections are in all cases smaller than the size of the corresponding symbol. Green circles correspond to ions sprayed from aqueous solution while blue circles correspond to ions sprayed from water/methanol solutions.I nt he case of myoglobin, multiple conformers are observed for most charge states and, correspondingly,m ore than one cross-section value per charge state is shown. Crosssections expected for condensed-phase structures (Figure 1 ) have been calculated using the EHSS algorithm [15] and the values are shown as dotted lines in Figure 2c ,d.
As expected, the collision cross-sections increase with increasing charge.A tl ow charge states,c ompact ions are observed that have cross-sections consistent with those expected for native structures.W hent he charge increases, the cross-sections increase,t hus indicating unfolding of the protein. Form yoglobin several conformers with different degrees of unfolding coexist for all but the lowest and highest charge states. [16] b-Lactoglobulin shows different behavior. Fore ach charge state,o nly as ingle conformer is observed, and furthermore,alarge jump in cross-section occurs when the solvent is changed to water/methanol, and the minimum observable charge state increases to 10 + .
In order to probe the secondary structure,w ep erformed IR spectroscopy experiments using the Fritz-Haber-Institut free-electron laser (FHI-FEL). [17] Figure 3s hows IR spectra for several mass/charge states for both proteins.I na ll of the spectra, amide-I and -II bands can be observed. In Figure 3c (green lines) IR-spectra for ions with alow cross-section and low charge state are shown.
Forb oth 8 + ions,t he amide-II bands are found around 1525 cm À1 ,avalue that is typical for proteins in the condensed phase. [10] Thea mide-I band for myoglobin 8 + is roughly symmetrical and has amaximum at 1655 cm À1 ,which is typical for ah elical secondary structure. [10] TheI Rs pectrum of blactoglobulin in the 8 + charge state,o nt he other hand, exhibits arather different signature.T here,the amide-I band is asymmetric,w ith am aximum around 1639 cm À1 ,w hich is typical for b-sheet-rich proteins. [10] Figure 3a,b shows IR spectra for higher charge states.For myoglobin in the 10 + charge state,t he spectrum shown in Figure 3b results from al ow-cross-section conformer (see Figure 2f or the cross-section distribution), however the spectra for all of the myoglobin conformers in this charge state are essentially identical (see Figure S3) . Thepositions of the amide-I and amide-II bands are almost unchanged for the 8 + and 10 + charge states,and only the width of the amide-I band increases slightly.F or b-lactoglobulin, on the other hand, the shape and position of the amide-I band changes dramatically between the 8 + and 11 + charge states.T his transition is accompanied by av ery large change in crosssection between these two charge states (Figure 2 ). Fort he unfolded and higher charged 11 + conformer, the amide-I band is similar in shape and position to that of 10 + myoglobin, which indicates ah elical structure for the blactoglobulin 11 + ions as well.
When the charge increases further to 17 + for b-lactoglobulin and 18 + for myoglobin, the shapes of the amide-I bands do not change and only show as light shift to higher wavenumbers.T he amide-II bands,o nt he other hand, gain in relative intensity and shift significantly to lower wavenumbers.T his observation can be attributed to the coulombdriven unraveling of helices to form extended string-like structures. [9] From av isual inspection of the spectra in Figure 3 , it appears that gas-phase b-lactoglobulin in the 8 + charge state has ap redominantly b-sheet secondary structure,w hile myoglobin has an essentially helical secondary structure, which is consistent with the native solution-phase structures of both proteins.A st he charge increases,h owever,b oth proteins exhibit helical structures,a nd finally at the highest charge states,e ven these helices unravel. It is interesting to compare these spectra with results from the condensed phase. Thecircular dichroism (CD) spectrum was measured for both proteins using the same solvents as used for the spectroscopy experiments on the isolated species.All of the CD spectra for myoglobin and the CD spectrum of b-lactoglobulin in water/ methanol have signatures that are typical for helical structures (see Figure S2) . [20] On the other hand, the CD spectrum of b-lactoglobulin in buffered aqueous solution is quite different and clearly indicates a b-sheet structure.
In Figure 3c ), the gas-phase spectra (green lines) are compared to the condensed-phase FTIR spectra (gray lines) for b-lactoglobulin [18] and myoglobin [19] reproduced from previous reports.T he FTIR amide-I band of b-lactoglobulin shows the typical shape expected for a b-sheet-rich protein, while that of myoglobin is rather symmetrical and is found in aposition typical for helical species.Clearly,inboth cases,the match between the corresponding gas-phase and condensed- www.angewandte.org phase spectra in the amide-I region is very good, thus giving further evidence that, for low charge states,t he condensedphase structure is at least in part preserved after transfer to the gas phase.
IR spectroscopy directly probes local secondary structure and can differentiate between helices and b-sheets.However, it does not provide direct information about the tertiary structure in which those secondary structure elements are embedded. IR spectroscopy is thus ag ood complement to IMS,w hich on its own is blind to structural details and only probes the overall shape and size.T he combination of IR spectroscopy and IMS shown here gives aclear picture of the structural evolution of isolated proteins as their charge increases.L ow charge states can retain the native structure. When Coulomb repulsion increases and charged side chains coordinate to the protein backbone, [21] the native fold begins to lose stability,w hich is indicated by an increase in IMS cross-section. When the original native structure is predominantly helical, IR spectroscopy shows that the unfolded species remain helical. This is to be expected, since extended helical structures can retain most of their hydrogen bonds while maximizing the distances between equal charges. However,the situation is different for native b-sheet proteins. In these,t he individual b-sheet strands are embedded in ah ydrogen-bond network, and when an increase in charge causes unfolding,p reservation of the b-sheet strands would result in many disrupted hydrogen bonds.Hence,for an initial b-sheet-dominated structure,the unfolded protein will adopt ah elix-rich structure as well. Finally,a tv ery high charges, Coulomb repulsion will cause helix unzipping in both cases. [9] In summary,t he presented data clearly show that for blactoglobulin and myoglobin, the condensed-phase secondary as well as tertiary structure can be conserved when solvent is completely removed. Methods based on gas-phase mass spectrometry provide extremely high sensitivity.W hen mass spectrometry is combined with IMS,a dditionally high selectivity can be achieved through being able to select individual charge states,c onformations,o ra ggregation states,w hich then can be investigated using spectroscopy.S uch sensitivity and selectivity cannot be achieved using condensed-phase methods.However, care must be taken to be sure the journey from the condensed phase to the solvent-free gas phase is very gentle to avoid possible refolding and structure change.
